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Introduction
Defining the mechanistic relationship between histopathological and functional alterations in brains affected by neurodegenerative disease while highly desirable, has also proven to be a daunting task. The prevalent amyloid hypothesis of Alzheimer's disease (AD) holds amyloid-β (Aβ) peptide as the prime causative of the pathology (Hardy and Selkoe 2002; Tanzi and Bertram 2005) with ample evidence supporting its disruptive effects on synaptic transmission and plasticity (Small et al. 2001; Selkoe 2002; Crews and Masliah 2010; Holtzman et al. 2012) . Neurotoxicity of Aβ oligomers is also considered as key in creeping synapse loss of AD that closely correlates with the cognitive decline and remodeling and silencing of brain circuits (Greicius et al. 2004; Masliah et al. 2006; Buckner et al. 2008; Seeley et al. 2009; Palop and Mucke 2010; Overk and Masliah 2014) . The widely held view of downgrading the brain connectome by toxic Aβ has been recently enriched by elaborate data showing complex changes in the AD brain, which interfere with a range of neuronal and synaptic mechanisms. Importantly, emerging data from basic and clinical studies suggests that multipart molecular aberrations occurring during the early stages of AD (i.e., prior to the widespread synaptic loss with neuronal degeneration) translate into bidirectional changes in synaptic and neuronal activity within selected brain regions (Greicius et al. 2004; Buckner et al. 2008; Seeley et al. 2009; Palop and Mucke 2010; Vickers et al. 2016) .
In AD mouse models over-expressing mutated amyloid precursor protein (APP), the excess of soluble oligomeric and fibrillary Aβ were shown to induce striking irregularities in the neuronal activity of the hippocampus and cerebral cortex (Palop et al. 2007; Busche et al. 2008 Busche et al. , 2012 Siskova et al. 2014) . Indeed, in AD mice carrying mutated human APP and presenilin 1 (PS1) (APP-PS1) and affected by an early onset amyloid pathology, a considerable fraction of neurons in the dorsal frontal cortex exhibit hyperactivity, while others are silent (Busche et al. 2008 ). Similar observations were also made in the hippocampus, where blockade of glutamatergic transmission suppressed the activity of both normal and hyperactive cells, in agreement with their shared neurophysiological mechanisms (Busche et al. 2012) . It is important to note that in addition to amyloid-related global changes in neuronal and synaptic functions (Palop et al. 2007 ; Kuchibhotla et al. 2008 Kuchibhotla et al. , 2009 Busche et al. 2012; Verret et al. 2012) , positive correlation between the proximity to amyloid plaques and altered activity of neurons have been reported, with clusters of overactive cells and elevated levels of intracellular Ca 2+ highest in neurons close to amyloid lesions (Busche et al. 2008 ; Kuchibhotla et al. 2009 ). While molecular and cellular mechanisms underlying plaque-related functional aberrations remain largely unknown, alterations of the microenvironment with changes in local gradients of chemo-and cytokines and neuromodulators have been discussed (Geddes et al. 1986; Phinney et al. 1999; Palop et al. 2007) . Intriguingly, the possible role of glutamate dyshomeostasis at amyloid lesions with its likely effects on neuronal and synaptic functions remains largely unexplored despite its ubiquitous role in governing synaptic and circuit activity throughout the nervous system. We combined electrophysiological measurements with pharmacological and immune-histochemical studies to study the effects of amyloid plaques on glutamatergic excitatory transmission and activity of pyramidal neurons within the medial prefrontal cortex (MPC) of APP-PS1 and APP23 mice. As a part of the associative cortex, MPC is closely involved in encoding working memories and other higher cognitive functions, and undergoes severe AD-related pathological changes in humans (Brun and Englund 1981; Morrison and Hof 2002; Buckner et al. 2008) . Our measurements suggest enhanced metabotropic drive at amyloid plaques in the MPC of APP-PS1 mice, which interferes with fast excitatory synaptic inputs of pyramidal neurons. The latter leads to strong impairments of synaptic dynamics, with effects on local and extended prefrontal circuits.
Materials and Methods

Animals and Methoxy-XO4 injections
Adult APP-PS1 (3.5-5.0 m.o.), APP23 (9-12 m.o.), and C57BL6 wild type (3.0-5.0 m.o.) control mice of mixed gender were used for experimental studies. APP-PS1 line was a kind gift from Prof. M. Jucker (University of Tübingen, Hertie Institute) (Radde et al. 2006) ; APP23 was from Prof. M. Staufenbiel (Novartis) (SturchlerPierrat et al. 1997) . C57BL6 line was obtained from Jackson Laboratories (Bar Harbor, ME, USA). Mice were group-housed under pathogen-free conditions (21 ± 2°C, humidity 36 ± 2% at 12/12 h light/dark cycle) in the bio-resource unit at the Centre for Neuropathology and Prion Research, Ludwig Maximilian University, Munich, with food and water provided ad libitum. All procedures involving mice have been conducted under the guidelines of the University Ethics Committee and have been approved by the government of Upper Bavaria (Az. 55.2-1. 54-2531-110-06) . For in vivo prelabelling of Aβ plaques, mice were injected with Methoxy-X04 (i.p. 1.8 mg/kg in 10% DMSO, 45% propylene glycole, and 45% phosphate-buffer saline) 8-12 h prior to the slice preparation for electrophysiological measurements.
Slice Preparation and Electrophysiological Recordings
Recordings were made in layer III pyramidal cells of MPC in coronal slices. Under deep anesthesia (2% isofluorane), mice were decapitated, brains extracted from cranial cavity and immersed for 5 min in bubbled (95% O2 and 5% CO 2 ) ice-cold slicing media containing (mM): sucrose, 75; NaCl, 85; KCl, 2.5; NaH 2 PO 4 , 1.25; NaHCO 3 , 25; CaCl 2 , 0.5; MgCl 2 , 4; glucose, 25 and pH 7.3. Forebrain blocks were mounted on slicing stage and their anterior portion sliced (250-400 μm thick) with a vibratome VT1000S (Leica Biosystems, Germany). After 30 min incubation of slices at 32°C in a solution of the same composition, except that sucrose was omitted and NaCl increased to 125 mM, slices were transferred into recording artificial cerebrospinal fluid (ACSF) containing (mM): NaCl, 125; KCl, 3; NaH 2 PO 4 , 1.25; NaHCO 3 , 25; CaCl 2 , 2.0; MgCl 2 , 4; glucose, 25 and pH 7.3, where they were kept at room temperature (for 6-7 h) until used.
Electrophysiological measurements were conducted in recording chamber fixed to the stage of an upright Olympus BX51 microscope at room temperature. Pyramidal neurons were visualized using differential interference contrast and epifluorescence optics. Methoxy-X04 was excited through 340-380 nm filter, with emitted signal collected via dichroic mirror with 400-425 nm long pass emission filter. Only neurons generating overshooting action potentials were included in the current analysis. Patch pipettes (with in-bath input resistance of 4-8 MΩ) were pulled from borosilicate glass (P87 puller, Sutter Instruments). For all current clamp recordings and unitary EPSC voltage-clamp recordings, pipettes were filled with Kmethyl sulfate-based internal medium (mM): KCH 3 O 3 S, 140; KCl, 10; NaCl, 5; MgATP, 2; EGTA, 0.01; HEPES, 10; 280-290 mOsm, pH 7.3. For analysis of passive properties of neurons with improved space clamp and for voltage clamping of spontaneous/miniature synaptic activity, electrodes were filled with Cs-methyl sulfate-based internal solution (mM): CsCH 3 O 3 S 130; MgCl 2 , 4.6; HEPES, 10; EGTA, 5; Na-GTP, 0.3; adjusted to pH 7.3 with CsOH. Alexa 594 was added to the pipette solution routinely (final concentration ∼0.5%) for visualizing and reconstructing tested neurons. For local field current (LFC) recordings, pipettes with lower resistance (1-2 MΩ) filled with ACSF were used.
Input resistance (R in ) and membrane capacitance (C m ) of neurons were assessed with small negative voltage steps (−5 mV) from holding potential of −70 mV. Picrotoxin was added to the recording solution (100 μM, DMSO) to block GABA A /glycinergic synaptic currents, while tetrodotoxin (TTX, 0.5 μM, aCSF) was used to suppress action potentials and isolate miniature EPSCs (mEPSC). Kynurenic acid (kynurinate, 3 mM, 0.1 M NaOH) was applied to block excitatory glutamatergic inputs mediated via AMPA/NMDA and kainate receptors. To block group I/II metabotropic glutamate receptors (mGluR), slices were preincubated for 10-15 min in (RS)-α-methyl-4-carboxy-phenylglycine (MCPG, 100 μM in 100 mM NaOH) prior to recordings of sEPSC, while (S)-(+)-α-Amino-4-carboxy-2-methylbenzeneacetic acid (LY367385, 30 μM in 100 mM NaOH) was used to inhibit mGluR1 (Salt and Turner 1998) . To activate mGluR1, (S)-3,5-Dihydroxyphenylglycine (DHPG, 100 μM, aCSF) was applied directly onto slices in the recording chamber (Merlin 2002) . To block the uptake of glutamate, noncompetitive (±)-3- 5, 6, isoxazole-4-COOH ((±)-HIP-A, 50 μM, aCSF) or competitive DL-threo-β-Benzyloxyaspartic acid (DL-TBOA, 50 μM, aCSF) excitatory amino acid transporter (EAAT) blockers were used (Shimamoto et al. 1998; Conti and Weinberg 1999) . To inhibit the sarco-endoplasmic reticulum Ca 2+ (SERCA) ATPase and deplete internal Ca 2+ stores, slices
were incubated for 15-20 min in cyclopiasonic acid (CPA, 20 μM in DMSO) or thapsigargin (TG, 10 μM in DMSO) prior to electrophysiological examination.
Unitary excitatory synaptic responses were evoked in the presence of picrotoxin (100 μM, DMSO) through microstimulation of individual axons within the basal dendritic field of pyramidal cells with bi-polar glass microelectrode filled with aCSF. In brief, after establishing a stable whole-cell recording configuration, stimuli (30-50 μA/200 μs; SIU, A-360 WPI) were delivered to the slice via a double-barrel stimulating glass microelectrode, with tip diameter~10 μm. After identifying an axon forming glutamatergic synaptic inputs with the neuron under recording, the intensity of stimulus was adjusted to elicit a short-latency monosynaptic response, whose trial-to-trial variability and number of failures was insensitive to small (<50%) changes in stimulus strength. These responses were qualified as unitary EPSCs (evoked by activation of a single presynaptic axon) with fluctuations in the responses amplitude arising from stochastic properties of synaptic release (Allen and Stevens 1994; Ovsepian and Friel 2012) .
Analog signals were sampled at 10 kHz and stored for analysis (PatchMaster, EPC10, HEKA Electronics). Currents were analyzed with Mini Analysis software (Synaptosoft, GE) and FitMaster (HEKA Electronics). EPSC bursts were defined operationally as sequences of more than 2 consecutive EPSCs separated by < 25 ms intervals, a time period that captures the interevent intervals of the vast majority of sEPSC occurring in bursts. Current traces used for analysis were smoothed (×5 binomial filters); the threshold defining synaptic events was set 2.5-3.0 times the S.D. of the baseline noise, with individual events detected automatically, but frequently re-examined by eye to exclude false-positive results. For measurements of the action potential threshold on evoked firing traces, the peak and fast AHP amplitudes, a reference voltage was defined during the upstroke of action potential where -dV/dt exceeds 5 V/s. This reference voltage was taken as a voltage threshold for the generation of Na + spikes in response to depolarizing current injection (Ovsepian and Friel 2008) .
Histochemistry, Confocal Microscopy, and Morphometric Analysis
For defining the distance and determining the topography of tested neurons near amyloid plaques, after electrophysiological recordings and loading AlexaFlour 594, slices were fixed overnight with 4% paraformaldehyde (PFA) in phosphate buffer (PB: 0.1 M, pH 7.4) and restained with a 0.01 mg/ml solution of Methoxy-X04. This was followed by several rinses and mounting of slices with fluorescent medium (Dako, Denmark) for confocal imaging (LSM 780, Carl Zeiss Germany). Methoxy-X04 and AlexaFluor 594 were excited with 405 and 561 nm lines; emitted signals were collected through an oil-immersion (40 × NA 1.4) objective (460-500 nm and 607-695 nm band pass filters) and sampled at a resolution of 30 nm/pixel. Stacks of 25-50 images with a Z-section interval of 0.5 µm were acquired with maximum intensity projections reconstructed for morphometric measurements, using Zen 2011 software (Carl Zeiss, Germany). For assessments of histochemical changes near amyloid lesions and overall expression levels of selected synaptic markers in brain slices of transgenic and wild type mice, immunostaining for vesicular glutamate transporter 1 (VGLUT-1), 25 kD synaptosome associated protein (SNAP-25), vesicular GABA transporter (VGAT), excitatory amino acid glial transporter (GLT-1), glial fibrillary acidic protein (GFAP) and neuronal marker NeuN have been carried out in 50 µm thick brain slices. In brief, animals (3-4 m.o., N = 3-4 in each group, WY, APP-PS1 and APP23) were perfused with brain tissue extracted and sliced. After blocking step for 1 h in PB with 0.25% Triton-X and 3% normal goat serum (Sigma-Aldrich, St. Louis, MO, USA), PFC containing slices were incubated for 24 h in the mixture of following polyclonal antiserum or monoclonal antibodies: 1) guinea pig anti-VGLUT-1 polyclonal antibody (1:2500, AB5905: Millipore, Billerica, MA, USA) and rabbit anti-SNAP-25 polyclonal antibody (1:1000, 111002; Syn. Systems); 2) mouse antiNeuN antibody (1:2000; MAB377; Millipore); 3) guinea pig anti-GLT-1 polyclonal antibody (1:1000; AB1783; Millipore) and mouse anti-GFAP monoclonal antibody [GA-5] (Biotin) (1:1000; ab79203; Abcam); and 4) VGLUT-1 and rabbit VGAT VIAATpolyclonal antibody (1:000; 131002; Syn. Systems). After 3 washes in PB, slices were exposed for 2 h (RT) to the following mixtures of secondary antibodies: 1) AlexaFluor conjugated goat-anti guinea pig 488 antibody and AlexaFluor 594 conjugated goat-anti rabbit antibody (1:1000 Molecular Probes) for the VGLUT-1/SNAP-25 and VGLUT-1/VGAT combinations; 2) AlexaFluor 488 conjugated goat-anti mouse antibody and AlexaFluor 594 conjugated goat-anti rabbit antibody (1:1000, Molecular Probes) for the NeuN/SNAP-25 combination; and 3) AlexaFluor conjugated goat-anti guinea pig 488 antibody and AlexaFluor 594 streptavidin (1:1000, Molecular Probes) for the GLT-1/GFAP combination. These were followed by rinsing of slices in PB, incubation for 15 min in a 0.01 mg/ml solution of Methoxy-X04 (PB) followed by another 10 min rinses and mounting with a fluorescent mounting medium (Dako, Glostrup) for confocal microscopy. Methoxy-X04, AlexaFluor 488 and AlexaFluor 594 were excited with 405 nm, 488 nm lines and 561 nm lines; emitted signal was collected through an oilimmersion (40 × NA 1.4) objective and sampled at a resolution of 104 nm/pixel. Stacks of 10-15 images with a Z-section interval of 0.5 µm were acquired using Zen 2011 software (Carl Zeiss, Germany). At least 10 regions of interest were obtained per animal. The fluorescence signal intensity was estimated within concentric rings with an increasing diameter of 5 µm (Sholl analysis). Images were thresholded to cut off the background staining; measurements were carried out with ImageJ (Wayne Rasband National Institutes of Health, USA). Regions of interests were defined within layer II/III of the MPC of WT, APP-PS1 (plaque regions and plaque-free regions at least 100 µm far from a plaques) and APP23 animals (plaque regions). When plaques were present, the centre of the region of interest was set at the plaque.
Transmission Electron Microscopy
For transmission electron microscopy, adult APP-PS1 mice (3-4 m.o.) were anaesthetized (ketamine/xylazine 0.14/0.01 mg/g body weight i.p.; WDT/Bayer Health Care) and perfused intracardially at room temperature (20 ml PBS followed by 150 ml 2% PFA with 2.5% glutaraldehyde in 0.12 M in PB), pH 7.4. Brains were carefully removed, postfixed for 72 h at 4°C in the same fixative and sliced in a coronal plane (150 µm thickness) with a vibratome VT1000S (Leica Biosystems, Germany). After postfixation in 2.5% glutaraldehyde with 2% PFA in 0.1 M cacodylate buffer for 1 hr, slices were treated with 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h, dehydrated with ethanol and stained en bloc with 1% uranyl acetate and embedded in araldite resin. The dehydration and embedding steps were carried out with a laboratory microwave oven and a cooling stage; embedded sections were examined with correlative light and electron microscopy. In brief, slices were photographed under the light microscope and then serially cut into semithin (2 µm thick) sections on a Leica ultra-microtome (Leica Biosystems, Germany), which were stained with 1% toluidine blue in 1% borax and examined under the light microscope. Ultrathin serial sections (50-70 nm thick) were obtained subsequently from semithin sections collected on formvar-coated single-slot nickel grids and stained with uranyl acetate and lead citrate. Digital images were captured at different magnifications on a Jeol JEM-1011 transmission electron microscope (JEOL Inc., MA) equipped with a 11 Megapixel Gatan Orius CCD digital camera.
Statistical Analysis and Data Presentation
Graphs were generated and curves fitted in IgorPro 6.37 (WaveMetrics Inc). Unpaired and paired Student's t-tests and one way analysis of variance (ANOVA) (Graph Pad Prism 5) have been used for variance analysis and comparison. Sholl analysis and morphometric measurements were carried out on digital images acquired from single optical sections or maximal intensity projections, using Zen 2011 (Carl Zeiss) and ImageJ NIH software. Data are presented as mean ± standard error with P < 0.05 defining differences as statistically significant (*).
Results
Pyramidal Neurons of APP-PS1 Mice Exhibit Paroxysmal Hyperactivity
To determine the impact of amyloid plaques on neuronal and synaptic activity, we analyzes LFCs in MPC of plaque laden thick (400 μm) slices of 3.5-5 m.o. APP-PS1 mice. Cortical slices from age-matched nontransgenic mice were used as controls. Recording electrode was carefully placed within densely clustered layer III pyramidal cells. In control slices, low-amplitude fluctuations of LFC with irregular spikes (0.1-3 Hz) rarely interposed by brief spike sequences (frequency range: 10-55 Hz) (n = 9, N = 4) characterized the prime mode of spontaneous activity. In APP-PS1 slices (n = 16, N = 4), low-amplitude fluctuations of LFC were frequently interrupted by series of robust spike bursts, with instantaneous rates of action currents within bursts reaching up to 110 Hz. These episodes of intense activity typically emerged abruptly and occurred in series, in contrast to haphazard and brief spike trains observed in controls slices ( Fig. 1A-C ). The differences in spontaneous activity of 2 genotypes are readily reflected in strongly enhanced β-γ band of LFC in APP-PS1 slices, with prevalent discharge frequency extending between 15 and 30 Hz. Comparison of the discharge frequency and interspike interval variations showed significant differences in spiking rate and regularity between neuronal firings of 2 genotypes (Fig. 1C,D) . Interestingly, increase in the frequency of spiking in APP-PS1 was associated with enhanced irregularity of interspike interval and rise of the noise level (Fig. 1D ). Of note, increased firing activity of cortical neurons in APP-PS1 genotype shown here is in agreement with that described in this and other Aβ over-expressing transgenic lines (Palop et al. 2007; Harris et al. 2010; Roberson et al. 2011) . To find out if the hyperactivity in MPC relies on fast excitatory synaptic inputs, LFC were measured after blockade of AMPA/ NMDA and kainate receptors with kynurenic acid (Fig. 1B) . As shown, suppression of excitatory inputs abolished equally low and high amplitude LFCs in both genotypes, consistent with their dependence on glutamatergic synaptic activity. A similar cause of hyperactivity in neurons in plaque laden brain was described earlier in the hippocampus of APP-PS1 in vivo (Busche et al. 2012) . Because the intrinsic excitability is a key determinant of the integrative functions and activity of neurons, we examined if the hyperactivity of layer III pyramidal cells of APP-PS1 mice results from their altered passive properties and excitability.
Passive Properties of MPC Pyramidal Neurons are Unaffected at Amyloid Plaques
Reduced glutamatergic transmission and enhanced responsiveness of pyramidal neurons were reported in Aβ over-expressing mice of older age with advanced plaque pathology (Roberson et al. 2011; Verret et al. 2012; Siskova et al. 2014) . To find out if impaired neuronal activity at studies here earlier stages of the plaque development is associated with changes in passive properties of pyramidal cells, we assessed the input resistance (I R ) and membrane capacitance (C m ) of MPC neurons of young adult (3.0-4.5 m.o.) APP-PS1 mice (n = 56, N = 25) and compared with age-matched WT controls (n = 20, N = 7) (Fig. 2) . Also, the relationship of these parameters with proximity of tested neurons to plaques was systematically assessed. To minimize the variability due to the differences in the resting potassium conductance (G K ) and background synaptic activity, voltage-clamp recordings were made at −70 mV holding potential with cesium based internal solution; blockers of fast glutamatergic and GABAergic synaptic transmission (kynurinate 5.0 mM; and picrotoxin 200 μM, respectively) were added to the recording media. Analyzed cells were loaded with AlexaFluor 594 and fixated for reconstruction and morphometric assessments; amyloid plaques were prelabelled in vivo with Methoxy-X04 ( Fig. 2A-C) . Comparison of the C m and I R between the 2 genotypes revealed their close overlap with no correlation of cell-tocell variability of these parameters with estimated distance of neuronal soma from the nearest plaques (Fig. 2E,F) . These observations suggest that at the early stages of plaque pathology, the IR and C m of pyramidal neurons remains within physiological ranges. Analysis of the action potential firing threshold, amplitude, after-hyperpolarizing potentials (AHP) and the rate of membrane potential changes during action potentials in pyramidal neurons at plaques of APP-PS1 mice showed their close match with WT controls ( Supplementary  Fig. S1 ). Hence, the hyperactivity of MPC neurons at early stages of plaque pathology in APP-PS1 is likely to result from their altered excitatory synaptic inputs rather than changes in electro-responsiveness to depolarizing inputs.
APP-PS1 Pyramidal Cells Exhibit Paroxysmal sEPSC With Spike Bursts
Previous studies of the activity of cortical and hippocampal neurons in AD mice revealed early bidirectional changes followed by loss of dendritic spines at more advanced stages of the pathology (Busche et al. 2008; Knafo et al. 2009; Bittner et al. 2012) . To explore the neurophysiological mechanisms of paroxysmal hyperactivity of APP-PS1 neurons, we measured membrane voltage dynamics and fast synaptic currents in layer III pyramidal cells (n = 56, N = 20) and compared with WT controls (n = 25, N = 7). Without bias current, sEPSP in both genotypes frequently crossed the threshold and generated action potentials (Fig. 3A,B) . In neurons of transgenic mice, however, along with single spikes, substantial fraction of action potentials occurred in bursts (Fig. 3A,B) . While injection of steady negative current silenced the firing activity in both genotypes, in APP-PS1 pyramidal cells it also revealed occasional multipeak sEPSP, which supposedly induce outbursts of hyperactivity (Fig. 3A,B) . Assessment and comparison of the action potential threshold, amplitude, AHP, and rate of membrane potential changes during action potentials revealed close match of these parameters in neurons of WT and APP-PS1 neurons located within 100 μm from plaques, suggesting no major differences in neuronal excitability of 2 genotypes ( Supplementary Fig. S2 ). Voltage-clamp analysis of synaptic currents confirmed the prevalence of paroxysmal sEPSC bursts in APP-PS1 pyramidal cells, which occurred rarely in WT controls (Fig. 3C,D) . Similar sEPSC bursts and complex spiking were also observed in MPC pyramidal neurons of APP23 mice ( Supplementary Fig. S1A-D) .
Importantly, pharmacological blockade of Na + channels by TTX (0.5 μM) abolished sEPSC bursts in APP-PS1 neurons (n = 11, N = 4) (Fig. 3C,D) . The differences between sEPSCs of 2 genotypes were readily reflected in frequency and interevent interval (IEI) distribution graphs, which revealed a distinctive peak in sEPSC of APP-PS1 cells, that was abolished by TTX ( Fig. 3E-H ). Interestingly but unexpected was that in APP-PS1 neurons the frequency of sEPSC decreased over 5-6 h of the experimental sessions (Fig. 3I,J) . Indeed, the mean frequency of simple and complex sEPSCs in APP-PS1 neurons tested during the earlier hours of experimental measurements significantly exceeded those at the later time points throughout the experimental day. Overall, these findings show remarkable changes in the pattern of the excitatory synaptic inputs of layer III pyramidal cells in plaque laden mouse MPC. Importantly, they pinpoint the presynaptic origin of sEPSC bursts with dependence on spikes, and suggest the role of active endogenous substance which is washed by the perfusion during several hours of experimentation.
Amyloid Plaques Promote Paroxysmal sESPC in Pyramidal Neurons
To define the impact of amyloid plaques on excitatory synaptic inputs of pyramidal cells, we analyzed the frequency and amplitude of sEPSCs and mEPSCs and correlated them with the distance of neuronal soma from the nearest plaque. comparison of the frequency and amplitude of sEPSC between the APP-PS1 and WT groups revealed no significant differences (Fig. 4B ). These finding is in agreement with similar results reported earlier (Briggs et al. 2013 ) and suggest key role of the altered pattern of excitatory synaptic inputs in driving the outburst of hyperactivity. Of note, after exposure of slices to TTX (0.5 μM), both the amplitude and the rate of mESPC in APP-PS1 neurons (n = 9, N = 4) were lower compared with nontransgenic controls (n = 11, N = 4) (Fig. 4C) . The reduced frequency of mEPSCs with sEPSC unchanged suggests 1) enhanced network driven (TTX sensitive) activity in plaque laden brain and 2) attenuated excitatory synaptic connections of APP-PS1 pyramidal cells. Interestingly, when sEPSC burst episodes (see Methods) were considered as single events, the overall frequency of excitatory inputs in APP-PS1 was lower compared with WT neurons (P < 0.05; not shown). Assessment and correlation of the sEPSC and sEPSC burst frequency with the distance of neuronal soma from the closest amyloid plaque showed that the rate of multipeak sEPSC is on average higher in neurons located within <100 μm range from the nearest plaque and declines away from plaques (Fig. 4D) . A similar but less prominent dependence on the distance from plaques was evident from the analysis of the sEPSC frequency, while the amplitude of sEPSC showed a slight trend towards enhancement (Fig. 4E,F) . Correlation of sEPSC frequency and fraction of sEPSC occurring in bursts in neurons of APP-PS1 mice showed that both parameters decline significantly with the increase of the distance; these changes were associated with reduction in the variability of the synaptic activity ( Supplementary Fig. S3 ). Collectively, these observations suggest that the proximity of amyloid lesions can affect the temporal characteristics of the excitatory inputs of pyramidal cells, leading to higher incident of sEPSC bursts. in sEPSC rate and fraction of sEPSC occurring in bursts analyzed neuronal populations of 2 genotypes over time. In APP-PS1 neurons the difference between these parameters estimated over the first hour of recordings differed significantly from those measured at latter time points (one way ANOVA, *P < 0.05; **P < 0.01). WT (N = 7, n = 20) and APP-PS1 (N = 25, n = 56).
EPSC Bursts Mediate Considerable Fraction of Unitary Inputs to Pyramidal Cells
Next, we examined if EPSC bursts can be induced by activation of unitary excitatory inputs to APP-PS1 pyramidal neurons near plaques. Unitary EPSC/EPSPs were evoked in neurons close by (<100 μm) to amyloid plaques by stimulation of single presynaptic axons, using a method described elsewhere (Allen and Stevens 1994; Stricker et al. 1996) . Trial-to-trial amplitude variability with short latency responses was used as electrophysiology criteria for adjusting the stimulus intensity to activate monosynaptic responses (Fig. 5A-C) . Prominent fluctuations in evoked EPSC amplitude with substantial fraction of failures in both genotypes (APP-PS1~32.6 ± 4%, n = 10; N = 4; wild typẽ 37.6 ± 6%, n = 9; N = 3) reflected the inherently stochastic nature of quantal release induced by individual presynaptic inputs. In parallel, we analyzed the unitary EPSP-spike responses and compared the fraction of single versus bursts of postsynaptic action potentials between the 2 genotypes. As shown (Fig. 5) , in WT pyramidal cells activation of unitary inputs elicited simple shape monophasic EPSCs/EPSPs, which rarely exceeded the threshold and induced single action potentials. In APP-PS1 neurons, in addition to the monophasic EPSCs, single presynaptic stimulus frequently induced multipeak EPSCs, which occasionally triggered bursts of action potentials under current clamp (Fig. 5A,B,F) . Although there was no difference between mean amplitudes of first evoked EPSCs of 2 genotypes, the rate of evoked EPSC bursts and the integral charge transferred by unitary inputs in APP-PS1 pyramidal cells exceeded significantly those in WT (Fig. 5D-H) . These findings suggest that amyloid lesions promote generation of asynchronous EPSC in nearby neurons and facilitate asynchronous release of glutamate presynaptic terminals, which occasionally trigger bursts of spikes in responses to unitary inputs.
Depletion of ER Ca 2+ Stores and Blockade of mGluR1 Eliminate sEPSC Bursts
Spontaneous and evoked bursts of synaptic currents have been reported to occur under pharmacological activation of mGluR1 (Sugiyama et al. 1987; Cochilla and Alford 1998) or reduced buffering of presynaptic Ca 2+ (Ovsepian and Friel 2012) . To find out if generation of these events in APP-PS1 neurons involves Ca 2+ induced Ca 2+ release from ER in response to presynaptic action potentials, we examined the effects of 2 SERCA ATPase blockers, cyclopiazonic acid (CPA) and thapsigargin (TG) on sEPSCs ( Fig. 6A-E) . Neurons within <100 μm distance from plaques were selected for analysis. Prior to recording of synaptic currents, slices were preincubated in SERCA ATPase blockers (20 μM and 10 μM, respectively) for 15-20 min to deplete ER Ca 2+ stores (Skryma et al. 2000; Emptage et al. 2001) , with blockers also included in the recording solution during measurements. As shown, CPA and TG virtually abolished sEPSC bursts in APP-PS1 pyramidal cells, rendering their synaptic activity indistinguishable from WT controls (n = 8-12 APP-PS1, N = 3-4 and n = 9 wild type, N = 4) (Fig. 6E ). CPA and TG also reduced but marginally the frequency of sEPSC in both genotypes (Fig. 6C,D) with no effects on the sEPSC amplitude. A similar decrease in the frequency of sEPSC bursts in APP-PS1 cells was also observed under pharmacological blockade of group I/II mGluR with MCPG (100 μM) or selective inhibition of mGluR1 receptors with LY367385 (30 μM) (Fig. 6H ). These treatments also caused notable reduction in the frequency but not amplitude of sEPSCs in both genotypes (n = 8-12 APP-PS1 and n = 9 wild type, N = 4) (Fig. 6F) Unpaired Student's t-test; *P < 0.05.
Blockade of the Glutamate Uptake or Activation of mGluR1 Augments sEPSC Bursts
Because extrasynaptic glutamate is known to activate group I mGluRs (mGluR1 and mGluR5) and induce metabotropic effects, we tested if inhibition of glutamate uptake by DL-TBOA (50 μM) or (±)-HIP-A (50 μM) (Shimamoto et al. 1998; Conti and Weinberg 1999) can enhance bursts of sEPSC in APP-PS1 pyramidal cells and mimic APP-PS1 like activity in pyramidal cells of WT controls. Similar to experiments with SERCA ATPase blockers, brain slices were preincubated in EAAT inhibitors DL-TBOA or (±)-HIP-A for 10-15 min prior to measurements of sEPSCs with either DL-TBOA or (±)-HIP-A also supplemented to the recording solution with picrotoxin ( Fig. 7A-G) . As shown, blockade of EAAT increased the frequency of sEPSCs in neurons of both genotypes (Fig. 7D ,E) without notable effects on the amplitude of synaptic currents (not shown). Remarkably, both DL-TBOA and (±)-HIP-A strongly enhanced the rate of sEPSC bursts in pyramidal cells in WT slices (Fig. 7F,G) . Indeed, under the blockade of glutamate uptake, the rate of sEPSC bursts in WT neurons (n = 11, N = 4 and n = 12, N = 5) was significantly higher, with mean frequency of sEPSC bursts becoming comparable to APP-PS1 neurons prior to their treatment with inhibitors of glutamate uptake. Interestingly, although DL-TBOA and (±)-HIP-A increased the frequency of sEPSC bursts in APP-PS1 mice, this effect was less pronounced compared with WT (n = 9, N = 3 and n = 12, N = 4) (Fig. 7F,G) . Analysis of the effects of mGluR1 agonist DHPG (100 μM) revealed changes in sEPSC rate and pattern comparable with those induced by EAAT inhibitors, with DHPG causing a notable increase in frequencies of sEPSC and sEPSC bursts (n = 10, N = 3 and n = 11, N = 3) ( Fig. 7D-G) . Predictably, under current clamp these effects of DHPG translated into enhanced firing activity of WT pyramidal cells with generation of paroxysmal bursts (Fig. 7C) . In summary, while augmentation of sEPSC bursts DHPG or EAAT blockers in WT neurons suggest that elevated ambient glutamate can promote sEPSC bursts and interfere with pattern of excitatory synaptic inputs, partial occlusion of the effects of EAAT in APP-PS1 neurons accords with higher baseline mGluR1 drive in neurons close to amyloid plaques. 
Dystrophic Meurites as Hot-Spots for Ectopic Release of Glutamate
Neuritic dystrophies and swellings represent reliable histopathological hallmarks of amyloid pathology in AD (Alzheimer 1907; Su et al. 1998; Dikranian et al. 2012) . Although predominantly glutamatergic, dystrophies of cholinergic, GABAergic, and aminergic axons have also been reported in AD affected brains (Sturchler-Pierrat et al. 1997; Wong et al. 1999; Ramos et al. 2006; Liu et al. 2008) , which have been shown to be enriched with autophagic vesicles and other acidifying compartments containing lysosomal proteins (Nixon 2005; Lee et al. 2011; Nixon 2013) . While changes in the expression of synaptic proteins around lesions have been reported, their relation with neuronal and synaptic activity remains unidentified. Our confocal microscopic studies revealed striking plaque-related modifications in the Results of these pharmacological tests suggest the involvement of store-released Ca 2+ and mGluR1 activity in generation of sEPSC bursts. Unpaired and paired Student's t-test; *P < 0.05. WT (N = 4, n = 9) and APP-PS1 (N = 3-4, n = 8-12).
distributions of major synaptic and glial proteins in both APP-PS1 and APP23 mice ( Fig. 8A-H, Supplementary Fig. S1E ). These changes were focal and specific to areas confining plaques, with their expression distal from plaques (> 100 μm) not differing from MPC of WT ( Supplementary Fig. S4 ). With nearly complete depletion of SNAP-25 and syntaxin-II (t-SNAREs) and VGlut1 expression in the core of lesions, these proteins were enriched in dystrophies surrounding amyloid plaques (Fig. 8A,E,F) . Moreover, unlike their punctate appearance in unaffected cortical tissue, indicative of their clustering at presynaptic terminals and axonal varicosities, around amyloid plaques, these formed distinctive patches. Due to direct role T-SNAREs in synaptic vesicle fusion with release of neurotransmitters from specialized and ectopic sites in the brain (Ovsepian and Dolly 2011; Sudhof 2014) , its enrichment at dystrophies is likely to promote exocytosis, rendering axonal swellings hot-spots for nonsynaptic release of glutamate. Of note, the expression of EAAT GLT-1 at amyloid plaques was also reduced, a finding which accords with impaired clearance of glutamate in brains affected by amyloid pathology (Fig. 8D,H) .
To reveal the putative ultrastructural correlates of nonsynaptic release of glutamate from neuritic dystrophies, we analyzed axonal swellings at amyloid plaques in MPC with transmission electron microscopy. Figure 9A ,B presents a low magnification eGFP labeled neurite swelling at Methoxy-X04 labeled amyloid plaque along with a higher power micrograph of a typical plaque surrounded by dystrophic neurites with glial processes. Closer inspection of these structures at higher magnification revealed their remarkable enrichment with small and translucent synaptic vesicles (Fig. 9C-E) intermingled with larger lamellar elements such lysosomes and autophagy intermediates (Kawai et al. 1992; Nixon 2005; Dikranian et al. 2012) . Notably, within axonal swellings, putative small synaptic vesicles could be seen occasionally attached to the plasmalemma in clear absence of postsynaptic densities (Fig. 9E) . Together with histochemical and electrophysiological data, these findings support the likelihood of ectopic release of vesicular glutamate at dystrophies, with paracrine metabotropic effects.
Discussion
Since the first systematic case study of AD by Alois Alzheimer (Alzheimer 1907) , amyloid plaques and neurofibrillary tangles have been viewed as the main histopathological hallmarks of the disease. Recent reports demonstrated, however, that changes in synaptic functions and loss of cortical and hippocampal connections correlate more closely with the cognitive decline and memory loss of AD (Selkoe 2002; Buckner et al. 2008; Spires-Jones and Hyman 2014) . Although dysregulation of Ca 2+ signaling is viewed as the major trigger of the synaptic failure and impairments of Ca 2+ homeostasis in neurons and glia (Kuchibhotla et al. 2008 (Kuchibhotla et al. , 2009 2012), the mechanistic link between impaired activity of neurons and plaque-related changes in the brain remains to be established.
We analyzed the electrophysiological properties of layer III pyramidal cells of plaque laden MPC, using APP-PS1 and APP23 AD mice and compared with that in age-matched WT controls. Together with several other forebrain structures, MPC plays key role in motivational behavior and encoding working memories, hence, contributes to a range of higher cognitive functions compromised in AD (Dalley et al. 2004; Pievani et al. 2011) . MPC is also recognized as one of the key brain structures undergoing early and severe AD-related histopathological changes (Brun and Englund 1981; Morrison and Hof 2002; Buckner et al. 2008) . The abundance of amyloid plaques and neuritic dystrophies with prominent alterations of the expression of several key synaptic (vGlut1, SNAR-25, and VGAT) and glial (GFAP and GLT-1) proteins at amyloid lesions of both APP-PS1 and APP23 mice demonstrated here prove considerable histopathological changes in analyzed age groups. Although tests of passive electrical properties and responsiveness of pyramidal neurons revealed no plaque-or genotype-related alterations, the rate of paroxysmal EPSC bursts was consistently higher in neurons located close to amyloid lesions. This observation suggests major changes in glutamatergic synaptic activity during the early stages of pathology while the intrinsic properties and viability of pyramidal cells are relatively intact (Wirths and Bayer 2010; Lemmens et al. 2011; Vickers et al. 2016) . The rather unexpected decline in the frequency of sEPSC bursts during several hours of experimentation implied a slow washout of unidentified substance from brain slices, capable of promoting the outbursts of asynchronous EPSCs with hyperactivity. Because TTX abolished the paroxysmal episodes of hyperactivity, we reasoned that generation of sEPSC bursts relies on action-potential dependent synaptic activity (Molnar et al. 2008; Ovsepian and Friel 2012) . Importantly, while the incidents of spontaneous EPSCs bursts were higher in neurons close to plaques, cell-to-cell variability in frequency of spontaneous EPSCs and bursts was also higher. These observations suggest that in addition to the physical proximity to amyloid lesions, other variables such as density and topography of synaptic inputs along with the differences in presynaptic Ca 2+ dynamics are of critical importance in determining the effects of amyloid plaques on synaptic inputs. They are also in agreement with morphological data demonstrating highly heterogeneous distribution of synaptic inputs of layer II/III cortical pyramidal cells (DeFelipe and Farinas 1992; Ballesteros-Yanez et al. 2006) . The null hypothesis we tested was if locally elevated glutamatergic drive at amyloid plaques could promotes paroxysmal synaptic hyperactivity via presynaptic metabotropic effects (Fig. 10) . The dependence of sEPSC bursts on action potentials and their activation by stimulation of unitary presynaptic inputs EPSC amplitude changes support the presynaptic origin of the sEPSC bursts and hyperactivity. Enrichment of dystrophies with vGlut1 and T-SNARE SNAP-25 together with increased resting Ca 2+ in neurites surrounding amyloid lesions (Dessi et al. 1997; Smith et al. 2005; Kuchibhotla et al. 2009 ) could indeed facilitate the ectopic release of glutamate from axonal swellings. This proposal is in line with disruption of the glutamate functions and elevated glutamate levels in brain tissue of AD patients, especially prominent during early clinical stages of the disease (Jacob et al. 2007; Scott et al. 2011) .
Together with reduced expression of VGlut1 and GLT-1 transporter, enhanced glutamate release from astrocytes and downregulation of its clearance in AD brains (Jacob et al. 2007; Lesne et al. 2008; Scott et al. 2011; Mitew et al. 2013; Revett et al. 2013; Talantova et al. 2013 ) are likely to facilitate paracrine effects of nonsynaptic glutamate around plaques. Strong inhibition of paroxysmal sEPSC bursts by a group I/II mGluR antagonist MCPG and selective mGluR1 antagonist LY367385 reported here are consistent with metabotropic mechanism of the hyperactivity. A likely contribution of ambient glutamate with enhanced mGluR1 drive towards hyperactivity of MPC pyramidal neurons of APP-PS1 and APP23 mice is also supported by significant enhancement of the frequency of multipeak sEPSC by inhibitors of the glutamate clearance (±)-HIP-A or DL-TBOA as well as by selective mGluR1 agonist DHPG. It is interesting to note that a recent studies showed that the expression level of mGluR1 in plaque laden AD mouse brain is notably enhanced (Ostapchenko et al. 2013) . While the significance of the enrichment of plaque-laden brain with mGluR1 remains to be established, it is tempting to speculate that under elevated amyloid levels this could have a compensatory role, given that stimulation of I mGluRs promotes the nonamyloidogenic cleavage of APP and inhibits Aβ production (Thathiah and De Strooper 2011; Cheng et al. 2014) . Rare occurrence of multipeak sEPSC in WT pyramidal cells and lesser inhibition of paroxysmal sEPSC bursts by EAAT blockers in APP-PS1 (compared with WT) suggest that the metabotropic mechanisms driving sEPSC bursts could become activated in normal synapses but are strongly sensitized around lesions. Based on these observations and on results from CPA or TG experiments, we cautiously propose that plaque-related aberrations of excitatory synaptic inputs described here involve metabotropic paracrine effects of the nonsynaptic glutamate. The later via presynaptic mGluR1-dependent mechanisms sensitizes the internal calcium stores and amplifies Ca 2+ induced Ca 2+ (CICR) release in response to action potentials (Sugiyama et al. 1987; Furuya et al. 1989; Cochilla and Alford 1998) , which in turn drives desynchronized release of glutamate with burst generation (Fig. 10) . While the prevalence of paroxysmal hyperactivity in APP23 pyramidal neurons confirms plaque-related changes as a key factor for the hyperactivity, our data cannot rule out the involvement of mutated PS1 in pathologically amplified and asynchronous EPSCs. It is interesting to note that mGluR1 agonists have been reported to promote multipeak sEPSC in healthy brain slices (Sugiyama et al. 1987; Furuya et al. 1989; Cochilla and Alford 1998) . Augmentation of voltage-(and action potential) activated Ca 2+ transients by store-released Ca 2+ has been also documented in several brain regions by earlier reports (Kano et al. 1995; Jacobs and Meyer 1997; Usachev and Thayer 1997) . At cerebellar GABAergic synapses, for instance, under reduced Ca 2+ buffering, Ca 2+ release from ER promotes both evoked and spontaneous bursts of IPSCs (Ovsepian and Friel 2012) , while at excitatory cortical and hippocampal synapses, stimulation of mGluR1 amplifies action potential induced presynaptic Ca 2+ transients, through sensitization of Ca 2+ release from ER stores (Cochilla and Alford 1998; Emptage et al. 2001) . Given that depolarization of neurons replenishes ER Ca 2+ and primes it for future response (Pozzo-Miller et al. 2000; Verkhratsky 2005 ), the pathological hyperactivity at plaques is likely to self-amplify and propagate across MPC circuits and associated areas. Such effects could be aggravated further by amyloid-related remodelling of ionotropic and metabotropic glutamatergic receptors (Yasuda et al. 1995; Hynd et al. 2004a Hynd et al. , 2004b Williams et al. 2009; Whitcomb et al. 2015) as well as dysregulation of GABAergic transmission involving glial cells (Jo et al. 2014 ) that can degrade further the neural activity and circuit dynamics. In light of the fact that the information about the history of synaptic activity can be encoded in the concentration of Ca 2+ in internal stores, described herein changes of excitatory inputs are likely to interfere with integrative mechanisms of neurons and cortical assemblies in general, with detrimental effects on higher brain functions involving MPC and related circuits (Hagenston et al. 2008; Kalmbach et al. 2013) . To conclude, although disruptions of excitatory synaptic inputs are viewed here as the main cause of hyperactivity, the possible role of hyperexcitability of axons and reciprocal crossactivation of connected neurons should be also considered in the future. Perturbations of local microenvironment at amyloid lesions with enhanced ambient glutamate and Aβ induced remodelling of synaptic connections are expected to affect both local and global activity of brain in highly complex fashion. Regardless of the specific mechanisms, described herein irregularities of synaptic inputs are likely to amplify and ripple through the limbic and associative circuits, with detrimental effects on global network dynamics of the brain and higher functions.
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